The permeability transition pore (PTP) is a mitochondrial inner membrane Ca 2؉ -sensitive channel that plays a key role in different models of cell death. Because functional links between the PTP and the respiratory chain complex I have been reported, we have investigated the effects of rotenone on PTP regulation in U937 and KB cells. We show that rotenone was more potent than cyclosporin A at inhibiting Ca 2؉ -induced PTP opening in digitonin-permeabilized cells energized with succinate. Consistent with PTP regulation by electron flux through complex I, the effect of rotenone persisted after oxidation of pyridine nucleotides by duroquinone. tert-Butyl hydroperoxide induced PTP opening in intact cells (as shown by mitochondrial permeabilization to calcein and cobalt), as well as cytochrome c release and cell death. All these events were prevented by rotenone or cyclosporin A. These data demonstrate that respiratory chain complex I plays a key role in PTP regulation in vivo and confirm the importance of PTP opening in the commitment to cell death.
Studies over the past few years have led to the recognition that, in addition to their established role in energy metabolism, mitochondria are main actors of cell death (see Refs. 1 and 2 for recent reviews). Mitochondrial proapoptotic factors such as cytochrome c, apoptosis-inducing factor, and smac/diablo are normally confined to the mitochondrial intermembrane space. Once released into the cytosol, cytochrome c binds to Apaf-1, which prompts activation of caspases in the presence of ATP or dATP (3, 4) , and smac/diablo counteracts the inhibitory effect of inhibitor of apoptotic proteins on caspases activity (5, 6), whereas apoptosis-inducing factor activates nuclear endonucleases (7, 8) . The mechanisms by which the outer mitochondrial membrane becomes permeable to these proapoptotic proteins are not totally understood, but evidence suggests that two non-mutually exclusive pathways may be concerned (1, 2) . One relies on outer membrane channel(s) involving Bcl-2 family proteins, whereas the other is due to outer membrane rupture secondary to mitochondrial swelling and implicates an inner membrane channel, the permeability transition pore (PTP). 1 PTP opening in vitro leads to collapse of the proton-motive force, disruption of ionic homeostasis, mitochondrial swelling, and release of intermembrane space proteins, especially cytochrome c (9 -11) . Involvement of the PTP in the commitment to cell death is supported by a large body of evidence based on the protective effect of two PTP inhibitors, namely cyclosporin A (CsA) (reviewed in Refs. [12] [13] [14] [15] and bongkrekic acid (BA) (e.g. see Refs. 16 -21) , in several models of cell death. PTP opening in vivo is commonly appreciated as a CsA-sensitive mitochondrial depolarization but can also be visualized directly by fluorescence imaging using CsA-sensitive calcein diffusion through the mitochondrial inner membrane (22) (23) (24) (25) .
PTP regulation has been studied extensively in rat liver mitochondria. Although it is generally assumed that there is no tissue-specific regulation of the PTP, this issue has not been examined clearly. Beside Ca 2ϩ , which is the single most important inducer, the PTP is modulated by a variety of physiological factors, especially matrix pH, transmembrane electrical potential, Mg 2ϩ , P i , cyclophilin D, the redox potential, and adenine nucleotides (26, 27) . In a recent study, we have shown that the PTP is modulated by electron flux through the respiratory chain complex I, although the degree of control exerted by this process on the overall probability of pore opening is more relevant in skeletal muscle than in liver (28) . To explore further the functional links between the PTP and the respiratory chain complex I, in the present work we have investigated the effects of the complex I inhibitor rotenone on the regulation of the PTP in U937 and KB cells, as well as on tert-butyl hydroperoxideinduced cell death. We show that rotenone dramatically inhibits PTP opening both in permeabilized and intact cells and that like CsA it prevents PTP opening-related cell death in these two cell lines.
MATERIALS AND METHODS
U937 and KB cells were maintained in exponential growth phase using RPMI 1640 culture medium supplemented with 10% fetal calf serum, 2 mM glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. Cells were permeabilized immediately before use by incubation under stirring for 2 min at 25°C in a medium containing 250 mM sucrose, 10 M EDTA, 50 g/ml digitonin, 1 mM P i -Tris, 10 mM Tris-MOPS (pH 7.4). Measurements of Ca 2ϩ and pyridine nucleotide oxidation-reduction status were carried out fluorimetrically at 25°C with a PTI Quantamaster C61 spectrofluorometer. Free Ca 2ϩ was measured in the presence of 1 M Calcium Green-5N with excitation and emission wavelengths set at 506 and 532 nm, respectively, whereas pyridine * This work was supported in part by grants from the Association pour la Recherche sur le Cancer, the Association Espoir, and the Région Rhône-Alpes (program émergence), and by a Bristol-Myers Squibb Co. fellowship (to F. D. O.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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For electron microscopy, permeabilized cells were centrifuged and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 1 h at room temperature and then washed and post-fixed with 1% osmic tetroxide for 1 h at 4°C, dehydrated, and embedded in epon. Thin sections stained with uranyl acetate and lead citrate were observed with a JEOL1200EX11 electron microscope.
For calcein staining, KB cells were grown for 48 h on 22-mm-diameter round glass coverslips and exposed for 20 min at 37°C to PBS medium supplemented with 5 mM glucose, 0.35 mM pyruvate, 1 mM CoCl 2 , and 1 M calcein-acetomethoxyl ester as described by Petronilli et al. (24) . After loading, cells were washed free of calcein and CoCl 2 and incubated for another 15 min at 37°C in PBS/glucose/pyruvate medium supplemented with 1 M CsA, 1 M rotenone, or vehicle. Coverslips were then mounted on the stage of an inverted microscope, and PTP opening was achieved by adding 50 M tBH.
For induction of cell death, cells were exposed to tBH for 45 min and then washed with PBS and incubated in Petri dishes at 37°C for 6 h in a complete RPMI medium. Cytotoxicity was evaluated either by staining necrotic cells with 20 g/ml propidium iodide or by using a trypan blue (5%) exclusion assay.
Cellular images were acquired at 25°C with a Nikon TE200 microscope, which was equipped for epifluorescent illumination and included a xenon light source (75-W) and a 12-bit digital-cooled charged-couple device camera (SPOT-RT; Diagnostic Instruments). For calcein fluorescence 488 Ϯ 5/525 Ϯ 10 nm excitation/emission filter settings were used, and images were collected every minute with a constant exposure time using a 60ϫ/1.40 Plan Apo oil immersion objective (Nikon). For detection of propidium iodide five randomly selected fields were acquired from each Petri dish using an excitation/emission cube of 550 Ϯ 10/580 longpass and an ELWD 20ϫ/0.45 Plan Fluor objective (Nikon). The corresponding bright field images were also acquired, and the two channels were overlaid using the appropriate function of the SPOT TM 3.0.6 software.
To evaluate cytochrome c release into cytosol, mitochondrial and cytosolic spaces were separated using the digitonin fractionation method (29) . 30 g of cytosolic proteins were separated by SDS-polyacrylamide gel electrophoresis in 10% polyacrylamide gels in MES buffer, followed by Western blotting. The membranes were probed with a monoclonal antibody against cytochrome c (1 g/ml) clone 7H8.2C12 and developed with a secondary goat anti-mouse horseradish peroxidase-labeled antibody followed by chemiluminescent detection. Quantification was carried out using the NIH Image software.
U937 and KB cells were purchased from ATCC. Calcein-acetomethoxyl ester and Calcium Green-5N were from Molecular Probes whereas monoclonal antibodies were from Pharmingen. Piericidine was a generous gift from Dr. Alain Dupuis (Grenoble, France). All other chemicals were purchased from Sigma. Fig. 1, panel A (Fig. 1, panel B) . Confirming that these events were because of PTP opening, in the presence of CsA, the same Ca retention capacity (i.e. the Ca 2ϩ load that induced Ca 2ϩ release) in two cell types using the protocol depicted in Fig. 1 , panel A. These results are presented in Fig. 2 and show that rotenone was dramatically more potent than CsA at PTP inhibition in U937 and KB cells. Similar results have been obtained with the complex I inhibitor piericidine (data not shown), confirming that PTP regulation by rotenone is related to complex I inhibition.
RESULTS

Regulation of the PTP in Situ-In the experiment depicted in
Redox state of pyridine nucleotides, as well as electron flux through respiratory chain complex I, have been shown to independently regulate the pore (30) . To characterize further the mechanism by which complex I regulates the PTP, we first measured the NAD(P)H oxidation reduction level of permeabilized cells (Fig. 3, panel A) . As can be appreciated in traces b or c, rotenone addition sped up NAD(P)H reduction induced by succinate but did not affect the final NAD(P)H reduction level reached after energization (compare traces a, b, and c) . In the absence of rotenone (trace a), subsequent Ca 2ϩ additions led to transient NAD(P)H oxidations concomitant with Ca 2ϩ uptake. As expected, Ca 2ϩ uptake did not induce transient NAD(P)H oxidation when complex I was inhibited by rotenone (trace b), whereas addition of appropriate concentration of duroquinone, a quinone able to oxidize NAD(P)H (31), produced a transient NAD(P)H oxidation (trace c) similar to that one induced by 
Ca
2ϩ uptake in the absence of rotenone. We next measured the Ca 2ϩ retention capacity of permeabilized cells (Fig. 3, panel B PTP Opening in Intact Cells-To examine whether complex I activity is a physiological PTP regulator in vivo, we next induced PTP opening in intact cells using the glutathione oxidant tBH. PTP opening was assessed directly by measuring mitochondrial permeability to calcein and cobalt as described by Petronilli et al. (24) . Fig. 4 shows that calcein fluorescence, initially confined to mitochondria, progressively decreased after tBH addition, because its fluorescence was quenched by cobalt (Fig. 4, upper panel) . The fluorescence changes were inhibited by CsA (middle panel), indicating that they were because of PTP opening, as well as by rotenone (lower panel). These data confirm that tBH induces PTP opening in vivo and indicate that rotenone is as effective as CsA at PTP inhibition in intact cells.
Finally, we addressed the issue of whether rotenone could prevent PTP opening-induced cell death. U937 or KB cells were transiently exposed to tBH and then washed and incubated in an RPMI medium for 6 h. As shown in Fig. 5 , this protocol induced cell death in 10 to 15% of KB cells as assessed by propidium iodide staining (panel A) or trypan blue exclusion (panel B). Similar percentages of staining were obtained with annexin V (not shown) suggesting that dead cells were essentially necrotic. Consistent with a mitochondrial pathway to cell death, tBH induced cytochrome c release in the same proportion (panel C). Like CsA, rotenone inhibited tBH-induced cytochrome c release (panel C) and cell death (panels A and B) , suggesting that rotenone prevented cell death through inhibition of PTP opening. Similar results were obtained with U937 cells (data not shown).
DISCUSSION
In this study we have shown that rotenone is an effective PTP inhibitor both in permeabilized and intact cells. This effect can be dissociated from the oxidation-reduction state of the pyridine nucleotides, and at variance from results obtained with liver or skeletal muscle mitochondria rotenone appears to be a more potent PTP inhibitor than CsA in U937 and KB cells. Moreover, both PTP inhibitors inhibit tBH-induced cell death.
Inhibition of Cell Death by PTP Inhibitors-The proposal that the PTP could play a key role in the commitment to cell death initially resulted from findings of a protective effect of CsA in several models of cell death (12) (13) (14) (15) . This proposal was supported further (i) by works showing that mitochondrial depolarization is an early event (32, 33) that precedes cytochrome c release in different models of cell death (1), (ii) by reports indicating that BA can also prevent cell death (16 -21) , and (iii) by the demonstration that PTP opening occurs in intact cells (22) (23) (24) (25) . We think that the current work, which shows that rotenone inhibits cell death, because it inhibits the PTP, further supports the PTP as a major actor in the commitment to cell death.
Rotenone has been shown previously to inhibit tBH-induced cell death in U937 cells (34, 35) , cytotoxicity of tumor necrosis factor-␣ in L929 cells (36, 37) and H 2 O 2 -induced apoptosis in Jurkat T-cells (21) . At present, the effect of rotenone on the PTP can easily account for these observations, which were initially ascribed to a change of cellular redox potential or to a decrease of radical oxygen species production at the level of the respiratory chain. Indeed, consistent with an involvement of the PTP in these models of cell death, it has been shown that CsA prevents killing of L929 cells by tumor necrosis factor-␣ (38) whereas BA prevents the cytotoxic effect of H 2 O 2 in Jurkat T-cells (21) .
It is surprising that despite the fact that rotenone inhibits the respiratory chain complex I, it is not toxic in several tissues. This is most probably because of the fact that oxidation of complex II substrates and glycolysis are able to sustain the cellular energy supply in these cells. We note that BA has been shown to inhibit cell death (16 -21) despite the fact that it inhibits the adenine nucleotide translocator and profoundly affects cellular energy metabolism. We suspect that rotenone inhibits PTP opening-related cell death solely in tissues where it inhibits the PTP (see below) and in conditions where complex I activity is not indispensable.
In the present work tBH opened the PTP in a large majority of cells (Fig. 4) , whereas it induced cell death in only 10 to 15% of cells (Fig. 5 ). This discrepancy is most probably related to extra stresses such as calcein or photodynamic toxicity afferent to the procedure used to visualize PTP opening in vivo (39) . It should be however kept in mind that PTP opening can occur without necessarily inducing cytochrome c release (10) .
Functional Links between the PTP and the Respiratory Chain Complex I-Although it is commonly believed that the PTP is a multiprotein complex whose core is constituted by the adenine nucleotide translocator (2, 12, 40) , the molecular nature of the PTP remains unsolved. In a series of recent studies, we have shown that the PTP is modulated by electron flux through respiratory chain complex I (28) and by different ubiquinone analogs, which could be acting at a unique binding site (41, 42) . These observations, as well as other consideration (30) , led us to propose that the respiratory chain complex I may be part of the PTP (28, 30) . Consistent with this hypothesis, we find it remarkable that rotenone is a stronger PTP inhibitor than CsA in the two cell lines studied in the present work. We note, however, that rotenone does not directly affect PTP regulation in permeabilized hepatocytes incubated under identical conditions (data not shown) and that CsA and rotenone inhibit the PTP in similar proportions in isolated skeletal muscle mitochondria (28) . At present, the reasons why the relative potencies of CsA and rotenone at PTP inhibition change in different tissues are not clear, but these observations indicate that it might be misleading to generalize observations coming exclusively from studies with liver mitochondria.
Perspectives-The finding that rotenone inhibits the PTP only in some cells indicates that the regulation of the permeability transition is partly tissue-specific. This opens the perspective of developing new drugs that may regulate the PTP specifically in some tissues while sparing the others. Such a targeting would be of great interest especially, because any malfunction of the PTP is expected to affect the life span of the cells.
